Previous studies in adult myocytes isolated from rat hearts 3-9 weeks after myocardial infarction (MI) demonstrated abnormal contractility and decreased Na + /Ca 2+ exchange (NCX1) activity. In addition, a program of high intensity sprint training (HIST) instituted shortly after MI restored both contractility and NCX1 activity towards normal.
Introduction
High-intensity sprint training (HIST) has been demonstrated to be beneficial to rat hearts recovering from myocardial infarction (MI), both in vivo (14) and in vitro (24, 25, 28, 33) . Specifically, HIST increased maximal stroke volume in post-MI hearts (14) and enhanced contractile function in single myocytes isolated from postinfarction left ventricles (LV) (24) . Improvement in myocyte contractility post-MI by HIST was likely (28); (iv) reversing myocyte hypertrophy associated with MI (24, 28, 33) ; and (v) restoring the abnormal myosin heavy chain isoenzyme distribution towards normal (28) . It is inherently difficult to unambiguously pinpoint which one of the many beneficial effects of HIST was paramount in bringing about improved contractility in post-MI myocytes.
In myocytes isolated from rat hearts 3-9 wk post-MI, contractile amplitudes were significantly higher at 0.6 mM extracellular Ca 2+ concentration ([Ca 2+ ] o ) but lower at 5.0 mM [Ca 2+ ] o when compared to those isolated from rats that had received sham operations (24, 27) . At intermediate [Ca 2+ ] o (1.8 mM), there were no differences in contractile behavior between Sham and MI myocytes. We interpreted this abnormal pattern of contractile behavior observed in MI myocytes as due to altered Ca 2+ influx and efflux pathways (27) . Of the major Ca 2+ influx and efflux pathways in our rat MI model, only NCX1 (7, 32), but not L-type Ca 2+ channel (26) (28) , resulted in improvement in contractile function in rat MI myocytes (24) . The present study was undertaken to test this hypothesis.
METHODS
Animal preparation and exercise training protocol. Male Sprague-Dawley rats (∼ 250g)
were randomly assigned into 3 groups: sham-sedentary (Sham), MI-sedentary (MISed), and MI-exercised (MIHIST). To induce MI, the left main coronary artery of each anesthetized (2% isoflurane -98% O 2 ), intubated, and ventilated rat was ligated 3-5 mm distal to its origin from the ascending aorta (3, 24-28, 30, 32, 33) . Sham operation, except that the coronary artery was not ligated, was identical to MI. In our hands, Sham operated rats had close to 100% survival while the mortality for coronary ligation procedure was ∼30% within 24h of the operation. Rats that survived the 1 st 24h of operation would go on to complete the experimental protocol. All surviving rats (Sham, n=10; MISed, n=10;
and MIHIST, n=6) received rat chow and water ad libitum and were maintained on a 12:12h light-dark cycle. Survivors typically had 36 ± 3% of myocardium infarcted as determined histologically (3) . In addition, despite no overt signs of heart failure in MI rats, we observed at 1 and 3 wk postinfarction 20% lower LV systolic pressure in MI hearts when perfused in vitro (3).
Two weeks after operation, all rats were introduced to the treadmill (0° grade, 10 m/min, 10 min/d, 5 days/wk) to acclimatize for 1 week. Sham and MISed rats continued at the same speed and degree of incline twice per week for another 7-9 wk until heart excision. For the entire training period, the training protocol consisted of 5 consecutive 1-min running bouts daily, 5 days/wk, and each running bout was interspersed with 60 s of rest. During the first week of training, treadmill speed was set at 40 m/min, and grade was set at 15°. During the second week of training, treadmill speed was progressively increased to 60 m/min. The treadmill grade and speed were then held constant for the remaining 6-8 wk of the training period (total: 7-9 wks).
Myocyte isolation and culture. Cardiac myocytes were isolated from the septum and LV free wall of rat hearts by successive perfusion with collagenase and hyaluronidase (4).
Freshly isolated myocytes were seeded on laminin-coated coverslips (5), and a portion was used within 2 h of isolation for contractility measurements. ] 0 . Table 1 shows that when examined at 9-11 wk instead of 3- Table   2 shows that adenovirus infection did not affect contractile amplitudes between Sham and
Sham-GFP, and between MISed and MISed-GFP myocytes. More importantly, when both Sham and MISed myocytes were infected with Adv-GFP and cultured under continual pacing condition for 3 days, differences in maximal contraction amplitudes observed in freshly isolated myocytes (Table 1) were preserved for at least 72h ( Table 2) .
Effects of NCX1 overexpression on MISed myocyte contractile function. Infection of
MISed myocytes with Adv-GFP-NCX1 resulted in a large increase in NCX1 protein after 72h ( Fig. 1 and Table 3 ). SERCA2 protein abundance was not affected ( (Tables 4   and 5C ). That NCX1 overexpression ameliorated contractile abnormalities in MISed myocytes was also supported by the observation that there were no significant differences in maximal contractile amplitudes between Sham-GFP and MISed-NCX1 myocytes (Tables 4 and 5C ).
Compared to Sham-GFP myocytes, both maximal shortening and relengthening velocities were significantly (p<0.0001) depressed in MISed-GFP myocytes (Table 4 ).
This finding is in agreement with our previous observations on uninfected Sham and MISed myocytes (24 ] 0 (Table 4) , although these differences between MISed-GFP and MISed-NCX1 myocytes did not reach statistical significance (p<0.3).
Effects of HIST on MI myocyte contractile function. We have previously shown that 6-8 wk of HIST instituted shortly after induction of MI in the rat was efficacious in restoring near normal contractility (24) . Our present study demonstrated that the beneficial effects of HIST on MI myocyte contractility were still evident after adenoviral infection ] 0 in MIHIST-GFP myocytes (Tables 4 and 5B ). In addition, comparing contractile amplitudes between Sham-GFP and MIHIST-GFP myocytes revealed no statistically significant differences (Tables 4 and 5B), indicating that HIST was effective in restoring contractile amplitudes in MI myocytes to normal.
In contrast to our previous observations in freshly isolated Sham, MISed, and MIHIST myocytes that contractile dynamics (cell shortening and relengthening velocities) were improved by HIST (24), the results of our present study on adenoviralinfected and cultured myocytes showed no differences in contractile dynamics between
MISed-GFP and MIHIST-GFP myocytes (Table 4 ; p<0.4).
Effects of NCX1 downregulation on MIHIST myocyte contractile function. After exposure to Adv-GFP-ASNCX1 for 3 days, NCX1 protein levels in MIHIST-ASNCX1 myocytes were downregulated by ∼26% when compared to MIHIST-GFP myocytes ( Fig.   1 and (Tables 4 and 5D ). Indeed, comparison of maximal contraction amplitudes between MIHIST-ASNCX1 and MISed-GFP myocytes showed no statistically significant differences (Tables 4 and 5E ), indicating the salutary effects of HIST on MI myocyte contraction amplitude (Tables 4 and 5B) was lost when NCX1 was downregulated. This conclusion can also be arrived at independently by the significant differences in contraction amplitudes between Sham-GFP and MIHIST-ASNCX1 myocytes (Tables 4 and 5D) , while no such differences were observed between Sham-GFP and MIHIST-GFP myocytes (Tables 4 and 5D ). MIHIST-GFP and MIHIST-ASNCX1 myocytes generally followed similar trends, although the differences did not reach statistical significance (Tables 4, p<0 .13).
Effects of MI and HIST on NCX1, SERCA2 and calsequestrin abundance. We have previously demonstrated that in freshly isolated myocytes, despite decreases in NCX1 current 3 wk after MI (32) and its partial restoration by HIST (28), there were no detectable differences in NCX1 protein using the rabbit polyclonal antibody to NCX1 (π 11-13, Swant) (28) . In the present study, however, using 3-day cultured myocytes and the murine monoclonal antibody to NCX1 (R3F1, Swant), NCX1 protein levels were significantly decreased in MISed-GFP myocytes as compared to Sham-GFP myocytes ( Fig. 1 and Table 3 ). HIST was effective in partially restoring the depressed NCX1 levels ( Fig. 1 and Table 3 ).
SERCA2 protein levels were significantly lower in MISed-GFP myocytes when compared to Sham-GFP myocytes ( Fig. 1 and Table 3 ), in agreement with results of previous studies on freshly isolated myocytes (25) . HIST was beneficial in partially restoring SERCA2 protein levels in MI myocytes towards control Sham-GFP levels (Table 3) . It is important to note that manipulating NCX1 levels did not affect SERCA2
protein abundance in either MISed or MIHIST myocytes ( Fig. 1 and Table 3 ).
Calsequestrin levels, used as an internal standard for protein loading (31), were similar among the 5 groups of myocytes ( Fig. 1 and Table 3 ).
DISCUSSION
Our previous studies (3, 24, 27) exchange current (I NaCa ) (32) were depressed in rat myocytes studied 3-9 week postinfarction. In addition, NCX1 protein levels were either unchanged (28) or decreased in MISed myocytes (Fig. 1) . By contrast, other reports suggested doubling of I NaCa in rat myocytes isolated from rat hearts 6 wk (20) to 6 months (10) postinfarction. In rabbit myocytes examined 8-9 weeks post-MI, I NaCa was increased by 32% in one study (13) but decreased by 25% in another study (16). In canine subepicardial cells isolated from 5-day infarcted hearts, I NaCa was not different when compared to non-infarcted hearts (15). It is likely that the discrepancies in the results on NCX1 activity in post-MI myocytes are due to absence (3, 14, 27) or presence (13, 20) of overt heart failure, and different stages of ischemic cardiomyopathy at which myocyte function was examined. In failing human myocardium from dilated cardiomyopathy and ischemic cardiomyopathy, NCX1 protein levels were reported to be increased (11) or unchanged (11, 12). Whether the activity of NCX1 was altered in human failing myocardium, compared to that in normal human myocardium, is unclear at present. In contrast to our rat MI model of compensated failure, a common theme in the studies demonstrating an increase in I NaCa and/or NCX1 protein is the presence of severe, overt heart failure. Viewed in this context, increases in NCX1 in these heart failure models may be regarded as an important compensatory mechanism for decreased contractile function (6, 9).
There are limitations to the present study. The first is that we did not measure the NCX1 that has been correctly inserted in the sarcolemma and the NCX1 which is intracellular. Therefore, NCX1 protein levels in the present study should properly be viewed as an indication that we have successfully overexpressed or downregulated NCX1 levels in appropriate myocyte groups. A third limitation is that in this study we focused Composite results are presented in Table 3 , Numbers on left refer to apparent molecular mass. Values are means ± SE. Numbers in parenthesis are numbers of myocytes. All myocytes were infected with adenovirus expressing either GFP, or both GFP and rat heart NCX1, or both GFP and antisense (AS) to rat heart NCX1. Cell shortening were measured on myocytes after 72 h of adenovirus infection. Results of ANOVA are summarized in Table  5 . 
